The hypothalamus is the central regulator of systemic energy homeostasis, and its dysfunction can result in extreme body weight alterations. Insights into the complex cellular physiology of this region are critical to the understanding of obesity pathogenesis; however, human hypothalamic cells are largely inaccessible for direct study. Here, we developed a protocol for efficient generation of hypothalamic neurons from human embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) obtained from patients with monogenetic forms of obesity. Combined early activation of sonic hedgehog signaling followed by timed NOTCH inhibition in human ESCs/iPSCs resulted in efficient conversion into hypothalamic NKX2.1 + precursors. Application of a NOTCH inhibitor and brain-derived neurotrophic factor (BDNF) further directed the cells into arcuate nucleus hypothalamic-like neurons that express hypothalamic neuron markers proopiomelanocortin (POMC), neuropeptide Y (NPY), agouti-related peptide (AGRP), somatostatin, and dopamine. These hypothalamiclike neurons accounted for over 90% of differentiated cells and exhibited transcriptional profiles defined by a hypothalamic-specific gene expression signature that lacked pituitary markers. Importantly, these cells displayed hypothalamic neuron characteristics, including production and secretion of neuropeptides and increased p-AKT and p-STAT3 in response to insulin and leptin. Our results suggest that these hypothalamic-like neurons have potential for further investigation of the neurophysiology of body weight regulation and evaluation of therapeutic targets for obesity.
Introduction
The mediobasal hypothalamus is a functional integrator of homeostatic processes, including food intake, energy expenditure, neuroendocrine regulation, body temperature, and circadian rhythms (1) . Constituent cell bodies with distinct physiological functions include the arcuate ventromedial (VMH), dorsal medial (DMH), and paraventricular (PVH) nuclei (2, 3) . Arcuate nucleus (ARC) neurons, such as those expressing proopiomelanocortin (POMC) and neuropeptide Y (NPY)/agouti-related peptide (AGRP), can sense peripheral hormones -insulin, leptin, ghrelin, PYY -and secrete neuropeptides α melanocyte-stimulating hormone (αMSH) and NPY/AGRP to engage receptors on so-called "second order" DMH, PVH, and other neurons to regulate aspects of energy homeostasis through melanocortin 4 receptor (MC4R), neuropeptide Y receptor type 1 (NPY1R), and other receptors (3) . Hypomorphic mutations of genes involved in hypothalamic leptin-melanocortin signaling, such as leptin, leptin receptor, POMC, and MC4R, result in monogenic severe obesity in humans and rodents, confirming the biological importance of these pathways (4) (5) (6) (7) (8) . Though various neuronal cell types have been generated by directed differentiation from human pluripotent stem cells and applied for the study of neurodegenerative diseases, including Alzheimer's disease, Parkinson's disease, and ALS (9) (10) (11) , there is currently no published protocol for the differentiation of human hypothalamic neurons. For the analysis of obesity-related pathophysiology, access to hypothalamic cell types would be extremely useful.
Establishing directed differentiation protocols relies upon an understanding of the details of cellular ontogenesis. The hypothalamus is a complex organ subserving roles in energy homeostasis, endocrine physiology, temperature regulation, arousal, circadian rhythms, and other functions that are mediated by specific hypothalamic cell types (12) . A growing number of transcription factors (TFs) have been implicated in the differentiation and specification of hypothalamic neuronal subtypes (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/ JCI79220DS1). In the E10.5 mouse brain, Nkx2.1 is expressed in both the ventral diencephalon and telencephalon, while FoxG1 is expressed in telencephalon progenitors, but not in hypothalamic progenitors, suggesting that hypothalamic neurons likely develop from Nkx2.1 +
FoxG1
-precursors (13) . RAX, VAX, and SIX3 are specifically expressed in rostral hypothalamic neuroepithelia (14, 15) . Moreover, Achaete-scute-like 1 (ASCL1, also called MASH1),
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Differentiation of hypothalamic-like neurons from human pluripotent stem cells Dieter Egli, 1, 3, 6 and Rudolph L. Leibel (25) . GFP expression was measured with fluorescence imaging or FACS. We found that activation of SHH signaling from days 3 to 13 was optimal with regard to NKX2.1-GFP expression in day-26 EBs (Supplemental Figure 1C ). The addition of purmorphamine (PM) (2 μM), a SHH agonist, with SHH (100 ng/ml) further promoted NKX2.1-GFP expression in day-26 EB (70.1% GFP + cells) (Supplemental Figure 1D) . Subsequently, we found that a monolayer feeder-free culture system significantly shortened the time required for generation of NKX2.1 progenitors (11-12 days versus 26 days) (Supplemental Figure 1E ). This culture system was used for all subsequent studies.
Notch signaling controls progenitor maintenance and differentiation of hypothalamic neurons (26, 27) . Loss of Notch signaling in Nkx2.1 progenitors promotes the differentiation of hypothalamic ARC neurons, and transient inhibition of Notch signaling synchronizes the differentiation of neuron progenitors (26, 28) . Therefore, we asked whether inhibition of Notch signaling would promote the generation of hypothalamic progenitors. Three days of exposure to the Notch signaling inhibitor N-[(3,5-difluorophenyl) acetyl]-l-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester (DAPT) (10 μM) (from day 8 to day 11), after withdrawal of SHH and LSB (Supplemental Figure 1F) , increased the expression of many TFs that are required for hypothalamic neuron specification (ASCL1, NHLH2, SIM1, OTP) and the neuron progenitor marker NESTIN, but not the telencephalon markers PAX6 and FOXG1 (Supplemental Figure 1F ). High levels of NKX2.1 expression persisted during this 3-day period. Continued SHH+LSB treatment did not induce any of these TF markers (Supplemental Figure 1F) . Therefore, inhibition of Notch signaling after activation of SHH signaling, combined with dual SMAD inhibition, triggers the production of hypothalamic NKX2.1 progenitors.
With this protocol ( Figure 1A ), by immunohistochemistry, more than 90% of day-12-differentiated cells were NKX2.1 + , and less than 1% were FOXG1 + ( Figure 1B ), suggesting the production of ventral diencephalon-specific but not telencephalon progenitors. By qPCR of 12-day cells, we detected the upregulation of TFs that were expressed in hypothalamic progenitors: NKX2.1, MASH1, NHLH2, OTP, SIM1, SF1, and the neural progenitor marker NESTIN ( Figure 1C) . PAX6, an early forebrain TF gene, was reduced in day-12 versus day-8 cells. By immunostaining, we also found that PAX6 and FOXG1 expression ceased (Supplemental Figure 2 ), while MASH1 continued to be expressed in day-12 neural precursors ( Figure 1D ). Most day-12 cells also expressed SOX1 and NESTIN (Supplemental Figure 2) , both of which are markers of neuronal progenitors. Such dynamic changes of these TFs were further confirmed by Western blot analysis ( Figure 1E ). Both MASH1 and NKX2.1 protein levels showed time-dependent increases from hESC to day-12 progenitors, while PAX6 was only transiently expressed in day-8 cells ( Figure 1E ). Therefore, early activation of SHH signaling with LSB treatment and subsequent inhibition of Notch signaling provides a strategy for effectively generating hypothalamic NKX2.1 + neuronal progenitors. Neurons derived from Nkx2.1 + progenitors recapitulate hypothalamic ARC identities. To advance the differentiation of day-12 NKX2.1 + progenitors, we dissociated and replated these cells on poly-l-ornithine/laminin-coated plates. To induce hypothalamic ARC neuron differentiation, Notch signaling was inhibited using Nescient helix loop helix 2 (NHLH2), and Orthopedia (OTP) are involved in specifying ARC neurons, including POMC, NPY, AGRP, GHRH, and dopaminergic (DA) neurons (16) (17) (18) . SIM1, Aryl hydrocarbon receptor nuclear translocator 2 (ARNT2), OTP, and POU3F2 are required for the expression of oxytocin, vasopressin (AVP), TRH, and CRH in PVH neurons (19, 20) ; steroidogenic factor-1 (SF1) and ASCL1 are important for the generation of VMH neurons (21) . However, signals or pathways that participate in regulating the expression of these TFs are not well understood. We do know, however, that sonic hedgehog (SHH), a secreted ventralization morphogen, is essential for the induction and patterning of the hypothalamus (2, 22) .
These fundamental aspects of hypothalamic development guided our development of a differentiation protocol for the efficient generation of hypothalamic ARC-like neurons from human embryonic stem cells (hESCs)/induced pluripotent stem cells (iPSCs). With early activation of SHH signaling plus SMAD dual inhibition followed by inhibition of Notch signaling, we were able to convert human ESCs into ventral diencephalon NKX2.1 +
FOXG1
-progenitors. We then further differentiated these progenitors into hypothalamic ARC-like neurons by inhibition of Notch signaling and demonstrated hypothalamic-specific gene signatures by RNA-seq and quantitative PCR (qPCR). We found that these neurons expressed and accurately processed hypothalamic peptides, including POMC, αMSH, β-endorphin (BEP), and AGRP, and we demonstrated that hESC-derived neurons could sense and respond to metabolic signals, including insulin and leptin. Importantly, this protocol also works efficiently and consistently for generating hypothalamic neurons from human iPSC lines derived from both healthy controls and subjects with obesityrelated mutations such as Bardet-Biedl syndrome (BBS). Taken together, these findings suggest that we have generated neurons that closely resemble those of the ARC hypothalamus, providing a new resource for the study of the neuromolecular mechanisms for regulation of human body weight.
Results
Generation of hypothalamic NKX2.1 + progenitors from hESCs. The hypothalamus develops from the ventral diencephalon, where NKX2.1 is highly expressed. High-dose SHH(C24II) treatment efficiently induces the expression of NKX2.1 in human ESCs (23, 24) . The timing of SHH exposure influ-ences the development of the ventral neuron population in the mouse hypothalamus: early Shh-expressing progenitors contribute to neurons and astrocytes of the tuberal region, while late Shh-expressing progenitors almost exclusively generate astrocytes in mouse hypothalamus development (2) . Therefore, we asked whether early exposure to high SHH could induce ventral diencephalon NKX2.1 +
FOXG1
-progenitors from human ESCs.
Using an NKX2.1-GFP/W-hESC reporter line (20) (hereafter referred to as hESC), we varied the timing of SHH exposure to optimize conditions for NKX2.1-GFP expression (Supplemental Figure 1B) . We adapted an embryoid body (EB) culture system for hESC differentiation, as was used for rostral hypothalamic neuron differentiation in mouse ESCs (24) . We also used SMAD inhibitors -LDN193189 (1 μM) and SB431542 (referred to hereafter as LSB) ( continued to be expressed in these differentiated cells at day 24 (Supplemental Figure 3A) . Both POMC and NPY ( Figure 2C ) neurons expressed GABA (Supplemental Figure 3B ) and glutamate decarboxylase 67 (GAD67) (Supplemental Figure 3C ). In addition, we also identified a few melanin-concentrating hormone (MCH) (~1%) neurons at a late stage (day 65) ( Figure 2G ). In day-33 neurons, 18% of cells expressed αMSH + or SST + and over 60% of cells expressed NPY + ( Figure 2H ). During mouse hypothalamic development, POMC is transiently expressed in a subset of immature hypothalamic neurons that subsequently develop into other neuronal cell types, such as NPY neurons, in the adult (29) . We therefore determined whether similar developmental intermediates occurred during in vitro hESC hypothalamic neuron differentiation. We stained day-29 DAPT (10 μM) from days 13 to 16 (26) . To promote neuron differentiation and survival, cells were cultured in N2-containing medium with brain-derived neurotrophic factor (BDNF) added for a minimum of 8 days starting at day 16 ( Figure 2A ). POMC and NPY/AGRP neurons are the 2 major neuronal cell types found in the ARC; other neuronal cell types in the ARC include GHRH, somatostatin (SST), and DA neurons (Supplemental Figure 1A) . αMSH and BEP are among the bioactive products of the processing of POMC propeptide. Both are used as markers for POMC neurons.
In day-24 differentiated cells, we found a mixed hypothalamic neuronal population, including POMC ( Figure 2B Figure 4B) , and doublenegative neurons (Supplemental Figure 4C ). All 3 types of neurons fired trains of action potential in response to a 1-second current application (Supplemental Figure 4D) . Therefore, hESC-derived hypothalamic neurons have the fundamental electrophysiological properties of neurons.
Transcription profiles confirm a hypothalamic neuron signature. To further characterize transcriptional profiles during hypothalamic neuron differentiation, we performed RNA sequencing (RNA-seq) of undifferentiated hESCs and cells at 12, 27, and neurons for both POMC (αMSH) and NPY neuropeptides and found that 8% of neurons expressed only POMC, 61% of neurons expressed only NPY, and 21% of neurons were double-positive for POMC and NPY ( Figure 2 , I and J). This similarity is reminiscent of in vivo mouse hypothalamic ARC neuron development at E13.5-E18.5, at which time POMC and NPY are coexpressed within the same cells (29) . In total, neurons expressing primarily POMC or NPY represent 80% to 95% of all differentiated cells (based on 3 independent experiments). Thus, inhibition of NOTCH signaling promotes the efficient differentiation of hypothalamic ARClike neurons from NKX2.1 + progenitors. To determine whether neuropeptide-expressing cells possess the basic functional characteristics of active neurons, their electrophysiological properties were assessed using conventional whole- 82 days of differentiation (protocol in Figure 1A and Figure 2A) . Based on the heat maps generated by hierarchical clustering of these transcripts (31) and visualized in Treeview (32), the transcriptional profiles were distinct at these developmental stages (Supplemental Figure 5A ). Clusters 6 and 7, which were enriched in day-27 and day-82 differentiated neurons, contained genes participating in neurogenesis, axonogenesis, and neuron function. More specifically, in a pathway analysis of cluster 6 (and similarly for cluster 7), the top hits included opioid POMC, GnRH, oxytocin, 5HT2 receptor, histamine H1/2 receptor, and circadian clock system signaling, which participate in hypothalamus-specific functions (Supplemental Figure 5A and ref. 1) . We also generated heat maps for neuronal and hypothalamicspecific transcripts. TFs NKX2.1, ASCL1, NHLH2, OTP, SIX3, VAX, SOX3, RAX, SF1, and ARNT2, which participate in hypothalamic neuron differentiation, were enriched in day-12 cells ( Figure 3A) . Most hypothalamic neuron-specific transcripts, such as POMC, SST, TRH, and carboxypeptidase E (CPE) (enzyme required for POMC processing), were highly expressed in day-27 and day-82 differentiated neurons, were expressed at low levels in neural progenitors, and were not expressed in hESCs ( Figure 3A) . The GABAergic neuron-specific transcripts (GAD1, GAD2, SLC32A1, CALB1, and CALB2) were also enriched in these differentiated hypothalamic neurons, consistent with our previous finding that most of these neurons are ARC like. The persistent expression of hypothalamicspecific genes in day-27 and day-82 neurons indicated that the hypothalamic identity of these in vitro-differentiated neurons was stable for at least 2 months. In addition, day-12 progenitors could be kept frozen at -80°C for at least 11 months and, when thawed, retained the ability to differentiate into hypothalamic neurons.
To confirm the RNA-seq findings, we performed qPCR analysis of TFs required for hypothalamic neuron differentiation and for hypothalamus-specific transcripts in hESC and cells from 12, 18, 24, 36, and 40 days of differentiation (Supplemental Figure  5B ) and compared gene expression in day-24 neurons with that of adult human hypothalamus RNA ( Figure 3B and ref. 1 ). All of the hypothalamic genes tested showed a time-dependent upregulation across the differentiation period examined (Supplemental Figure 5B ). Compared with adult human hypothalamus, the transcript levels of NKX2.1, OTP, POMC, and MC3R in day-24 differentiated neurons were higher, while transcripts of other genes (AGRP, LEPR, SF1, and SIM1) were comparable to or lower than those in adult human hypothalamus ( Figure 3B ). Among these genes, the POMC transcript level was about 60-fold higher than that in adult human hypothalamus, suggesting that POMC neurons were highly enriched in these hESC-derived neurons. "Dilution" of POMC neurons by other non-ARC neurons and astrocytes in the adult human hypothalamus presumably accounts for the relative elevation of POMC expression in the hESC-derived neurons.
The presence of hypothalamic transcripts alone is insufficient to confirm hypothalamic identity. The hypothalamus and pituitary share several developmental transcriptional factors, such as PITX1, PITX2, LHX4, and SF1 (33, 34) , and POMC-expressing neurons are also present in the anterior pituitary, which produces adrenocorticotropic hormone (ACTH) to regulate the production and release of adrenal corticosteroids (35) . However, based upon RNA-seq, none of the pituitary-specific transcripts -GH1, PRL, LHB, TSHB, FSHB, TRHR, GNRHR, GHRHR -were expressed in differentiated neurons ( Figure 3A and ref. 34) . Also by immunocytochemistry, prolactin was not detectable in differentiated neurons ( Figure 3C ). And finally, in day-12 progenitors, none of the pituitary TFs (PITX1, LHX3, OTX1, TBX19, POU1F1, or PROP1) were expressed in these cells ( Figure 3D ), whereas hypothalamic TFs (NKX2.1, NHLH2, OTP, RAX, VAX, ARNT2, and POU3F1) were highly expressed. In summary, differentiated neurons displayed hypothalamic, but not pituitary, specific transcript signatures, demonstrating that these were not pituitary cell types.
hESC-derived neurons produce and secrete hypothalamic neuropeptides. In the hypothalamus, POMC propeptide undergoes proteolytic processing by prohormone convertases 1 (PC1), 2 (PC2) and CPE to generate bioactive short peptides, including ACTH, αMSH, and BEP (36) . mRNAs for PCSK1, PCSK2, and CPE were increased in day-24 hypothalamic neurons compared with hESC day-12 progenitors and were as highly expressed as in the human adult hypothalamus ( Figure 4A ). We further found that CPE was colocalized with α-MSH in POMC neurons ( Figure 4B ). Large amounts of POMC, αMSH, and BEP protein were detected in lysates of neuronal cells at 24 and 45 days of differentiation (Figure 4C and ref. 37 ). Day-45 neurons produced more POMC and processed neuropeptides (αMSH and BEP) than day-24 neurons. The increased processing of POMC peptides in these neurons was reflected by the higher ratios of αMSH/POMC and BEP/ POMC on day 45 compared with day 29 ( Figure 4D) . A similar increase in processing of neuropeptides is seen in the developing mouse hypothalamus (38) .
Culture medium of day-45 neurons contained high levels of POMC, ACTH, αMSH, and BEP, suggesting that these neurons secreted these neuropeptides ( Figure 4E ). ΑMSH and BEP proteins are stored in secretory granules in POMC neurons, which undergo exocytosis to release these neuropeptides in response to appropriate stimuli (35) . To determine whether neurons had the ability to secrete neuropeptides in response to membrane depolarization and to exclude cell death as a source of the peptides in the culture medium, we treated day-40 neurons with 60 mM KCl for 20 minutes and measured concentrations of neuropeptides in the medium. KCl stimulated the secretion of both αMSH and BEP by more than 2-fold ( Figure 4F ). Unprocessed POMC was also detected in neuronal lysates and in the culture medium, but showed only a slight increase in response to KCl. Thus, selective secretion of processed neuropeptides was responsible for the changes in media concentrations of αMSH and BEP.
In addition to POMC peptides, we further asked whether these neurons could produce other hypothalamic-specific neuropeptides, such as AGRP. AGRP was detectable by radioimmunoassay in neuron lysates from early differentiated neurons (day 29), and increased about 4-fold by day 45 ( Figure 4G) , consistent with the increase in AGRP transcripts (Supplemental Figure 5B) . Moreover, receptors for αMSH (MC2R, MC3R [ Figure 3B ], MC4R) and opioid receptors for BEP (OPRM1 and OPRD1) (39) were highly expressed in day-24 neurons, consistent with the likelihood that some of these neurons represent "downstream" members (e.g., PVN) of the melanocortin-signaling pathway ( Figure 4H ). Therefore, these hESC-derived neurons display key aspects of the neuroendocrine function of hypothalamic ARC-like neurons. jci.org Volume 125
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NKX2.1 GFP/W hESC-derived neurons can sense and respond to insulin and leptin.
Critical to the role of the hypothalamus in energy homeostasis is the ability of POMC-and NPY/AGRPexpressing neurons in the ARC nucleus to sense and respond to circulating hormones such as insulin and leptin and to release neuropeptides (αMSH, NPY, and AGRP) that further activate downstream MC4R-mediated melanocortin signaling in VMN and PVN neurons (3). Therefore, we determined whether hESCderived hypothalamic ARC-like neurons could sense and respond to metabolic hormones.
We found that the insulin receptor gene, INSR, was expressed in differentiated day-25 to day-27 neurons (Supplemental Figure  6A ). In addition, the insulin signaling molecules IRS2 (Supplemental Figure 6B ) and IRS4 (Supplemental Figure 6C) were also expressed in these cells. To test their ability to respond to insulin, day-33 differentiated neurons were starved in neurobasal medium plus B27 (minus insulin) for 16 hours and then exposed to 1 μg/ml insulin for 30 minutes at 37°C. Using Western blot analysis, we detected a robust induction of AKT phosphorylation (on Thr308 and Ser473) after insulin administration ( Figure 5A ). An inhibitor of AKT (AKTi) reduced the production of POMC and BEP in day-38 neurons ( Figure 5B ), indicating that neuropeptide production in these neurons might be regulated by metabolic signals (40) (41) (42) .
To assess leptin signaling, we quantified expression of the leptin receptor (LEPR) and examined phosphorylation of STAT3, a downstream signal transducer of leptin signaling (43) .
LEPR mRNA was first detected on day 18 of differentiation; levels were approximately 60% of those in adult human whole hypothalamus on day 24 of differentiation ( Figure 3B ) and further increased in day-36 and day-40 neurons ( Figure 5C ). When day-34 neurons were exposed to leptin (1 μg/ml), Western blot analysis revealed a 2-fold increase in p-STAT3 levels ( Figure 5D ). However, leptin-treated neurons showed no increase of SOCS3 (downstream of LEPR) expression (Supplemental Figure 6D) , and the number of p-STAT3 immunopositive day-29 neurons was less than 1% following leptin treatment (Supplemental Figure 6E) .
We reasoned that the functional immaturity of these neurons might be improved by longer culture and by coculture with astrocytes (44) . Accordingly, we cultured these hESC-differentiated cells with mouse cortical astrocytes from day 12 to day 53 of differentiation and then exposed the neurons to leptin. With leptin treatment, we noted an increase in p-STAT3-positive cells (from < 1% metabolic signals such as insulin and leptin, and functional maturation of these cells is improved by astrocyte coculture.
Differentiation of hypothalamic ARC-like neurons from iPSCs.
One important use of the cells described here will be in understanding the molecular physiology of hypothalamic control of human body weight. We therefore generated iPSC lines from 3 subjects with BBS (45) and 2 healthy controls. These iPSC lines showed the expected characteristics of human pluripotent stem cells and a diploid karyotype (Supplemental Figure 7) . Using the protocol established for the hESC line, on average, 80% of to > 20%) among these cocultured neurons, including p-STAT3-POMC-coexpressing neurons ( Figure 5E ). This improvement was further supported by c-Fos staining, another downstream indicator of leptin signaling (Supplemental Figure 6F) . Other indications of enhanced neuronal maturation in the presence of mouse astrocytes were an increase in the maximal number of action potentials (Figure 5 , F and G) and a reduction in the percentage of POMC/ NPY-coexpressing cells (versus the total number of POMC neurons) in day-35 neurons ( Figure 5H and Supplemental Figure 6G) . Therefore, hESC-derived hypothalamic cells are responsive to (GH1, PRL, LHB, TSHB, and FSHB) were not expressed in differentiated neurons. These results indicate that the protocol reported here does not create pituitary cells. (e) The differentiated neurons displayed key functional properties of hypothalamic neurons, including the ability to accurately process and secrete neuropeptides (αMSH, BEP, AGRP) and to respond to metabolic signals such as insulin and leptin. GWAS and whole-exome sequencing studies continue to identify many candidate genes for human obesity (47) (48) (49) . The functional analysis of these candidates in rodents is time consuming, costly, and subject to strain-related effects on phenotypes related to energy homeostasis and diabetes (50) (51) (52) . Additionally, the effects of patient-specific gene × gene interactions will be informative regarding molecular pathogenesis (53) . However, it is impossible to analyze the molecular basis of obesity directly with human neuronal tissue. Alternatively, human pluripotent stem cells are known for their characteristics of self renewal and pluripotency and could provide unlimited cell resources to address such issues. The protocol described here has been reproducible in all hESCs and iPSC lines tested, resulting in more than 80% to 95% neurons with hypothalamic characteristics, and should be useful for the routine generation of patient-specific hypothalamic neurons. Furthermore, human pluripotent stem cells can be manipulated genetically to alter DNA sequences in candidate genes identified in human genetic screens and to "correct" mutations in cells from individual obese patients with gene-editing technologies, such as Zinc finger nuclease or CRISPR/Cas9 (54, 55) . In both instances, the result is the creation of allelic series on a constant genetic background, eliminating the "noise" introduced by differences in such backgrounds between affected and controls. The study of human hypothalamic neurons generated using the protocol described here should be helpful in delineating the molecular pathogenesis of monogenic and other types of human obesity and in assessing the responses of these cells to therapeutic agents.
Methods
Generation and characterization of iPSCs from human fibroblasts. We obtained skin biopsies from BBS patients and generated fibroblast lines using the same methods described previously (56) . Primary fibroblasts were reprogrammed into pluripotent stem cells using retrovirus. 5,000 fibroblast cells were seeded per well in a 12-well dish. Once fibroblasts attached to the plate, they were infected with retroviruses expressing human TFs OCT4, SOX2, Klf4, and C-Myc (57). The procedure for generating and culturing iPSC lines was the same as described by us earlier (56) . hESCs/iPSCs were maintained in hESC medium: 500 ml knockout DMEM, 90 ml knockout serum, 6.5 ml GlutaMAX, 6.5 ml NEAA, 6.5 ml penicillin/streptomycin, 0.65 ml β-mercaptoethanol, and 10 ng/ml bFGF. All reagents were from Life Technologies.
Hypothalamic neuron differentiation protocol. Human ESCs/iPSCs were cultured overnight on Matrigel plates (1 million cells/well for 6-well plates) in hESC medium with 10 μM ROCK inhibitor (Y27632, Stemgent) and then differentiated in EB medium: hESC medium without bFGF, supplemented with SHH (100 ng/ml, R&D), PM (2 μM, Stemgent), 10 μM SB 431542 (Selleckchem), and 2.5 μM LDN 193289 (Selleckchem). From days 4 to 8, EB medium was gradually replaced with N2 medium (25) (500 ml DMEM/F12 supplemented with 5.5 ml N2 supplement, 0.2 mM ascorbic acid, 5.5 ml GlutaMAX, 5.5 ml NKX2.1 + progenitors were obtained from all 5 independent iPSC lines ( Figure 6A and Supplemental Figure 8A ). The iPSC-derived NKX2.1 progenitors could be further differentiated into hypothalamic ARC-like neurons, including POMC, NPY, and AGRP neurons ( Figure 6B and Supplemental Figure 8B ). The percentage of POMC neurons ranged from 27.5% to 39.6% in all 5 iPSC lines ( Figure 6C) , comparable to the rates obtained in the hESC-derived ARC neurons. RNA-seq of day-45 iPSC-derived neurons showed patterns of hypothalamic and neuronal markers virtually identical to those obtained in the hESC-derived cells ( Figure 6D) .
To assess the functions of these iPSC-derived neurons, we first obtained current-clamp recordings on these cells. These cells displayed action potentials, further confirming their neuronal identity (Supplemental Figure 8C) . With regard to neuropeptide production and secretion, these iPSC-derived neurons produced amounts of POMC, ACTH, αMSH, BEP, and AGRP comparable to those of hESC-derived neurons ( Figure 6, E and F) . By RNA-seq, levels of LEPR and the insulin-signaling molecules INSR, IRS2, and IRS4 were comparable between hESC-and iPSC-derived neurons ( Figure 6D ). Insulin induced a 5-to 10-fold increase in levels of p-AKT in these iPSC-derived neurons ( Figure 6G ), suggesting these neurons could also respond to metabolic signals. These data indicate comparable functionality between hESC-and iPSC-derived hypothalamic neurons and suggest the suitability of the latter for pathogenetic studies of patient-specific cells.
Discussion
We developed a protocol for the efficient and reproducible generation of hypothalamic ARC-like neurons from both human ESCs and patient-specific iPSCs. Early activation of SHH signaling and dual SMAD inhibition (days 1 to 8) followed by inhibition of Notch signaling (days 9 to 12) drives human pluripotent stem cells toward ventral diencephalon progenitors with the transcriptional signature NKX2. Neuropeptide assays. All the neurons were differentiated in a 12-well plate, starting with 300,000 cells that had been subjected to 12 days of the differentiation protocol per well. For neuron lysate samples, medium was aspirated and the differentiated neurons rinsed once with PBS, after which 250 μl 0.1 N HCl was added to each well. Cells were harvested with a cell scraper to detach as many cells as possible, and the cell lysates were transferred into 1.7 ml Eppendorf tubes. These samples were sonicated for 5 minutes. After centrifugation at 10,000 g for 10 minutes at 4°C, the supernatants were collected for POMC, ACTH, αMSH, BEP, and AGRP measurement. For medium samples, 1 ml neuron culture medium was collected and centrifuged at 8,000 g for 5 minutes. Nine volumes of the supernatant (720 μl) were mixed with 1 volume 1 N HCl (80 μl) to prepare a final 0.1 N HCl sample mixture. For secretion studies, neurons were pretreated with neurobasal A (NBA) medium plus B27 (without insulin) overnight, then switched into NBA medium supplemented with either PBS or 60 mM KCl (final concentration). Twenty minutes later, medium was collected for ELISAs. Neurons from each well were lysed with RIPA buffer for protein assay. Secreted neuropeptides are expressed per μg protein. AKT VIII inhibitor (Akti, 2 μM) was added to the N2 medium plus B27 and BDNF for 48 hours. Media and neuron lysates were collected for neuropeptide assay. Total POMC and BEP production were calculated by adding amounts of a neuropeptide in neuronal lysates to total released into the incubation medium. Neuropeptide assays were performed as described earlier (35, 37) . qPCR analysis. Cells were lysed with TRIzol RNA Reagent (Invitrogen) or RLT buffer. RNA was isolated by isopropanol precipitation or RNeasy Mini Kit (QIAGEN). cDNA were made with the GoScript Reverse Transcription System (Promega) with 1 μg RNA for each sample. GoTaq qPCR Master Mix was used for qPCR (Promega). Human adult hypothalamus RNA was purchased from Clonetech. See Supplemental Table 1 for qPCR primers.
Western blot. Differentiated hESC/iPSC-derived neurons were pretreated with NBA medium (Life Technologies) plus B27 (without insulin, Life Technologies) for 16 hours and then exposed to 1 μg/ml insulin (Sigma-Aldrich) or 1 μg/ml leptin (Peprotech) with NBA medium/B27 (without insulin) for 30 minutes at 37°C, 5% CO 2 . For Western blotting, cells and tissue were prepared as described (59) . ACTIN was used as a loading control. See Supplemental Table 2 for antibody information.
Immunohistochemistry/immunocytochemistry. Cultured neurons were fixed with 4% PFA at room temperature (RT) for 15 minutes, then washed 3× with PBS for 5 minutes per wash. Cells were blocked with 10% donkey serum (Jackson ImmunoResearch) in PBST (PBS + 0.1% Triton X-100) for 30 minutes, then switched into primary antibody (diluted with blocking buffer) solution and incubated at RT for 2 hours. Cells were washed 3× with PBST (5 minutes each wash), then exposed to secondary antibodies (Life Technology). Alexa Fluor secondary antibodies, goat or donkey anti-mouse, anti-rat, anti-rabbit, anti-goat, or anti-chicken 488, 555, 568, and 647 were used at 1:400 dilution in PBST and incubated at RT for 1 hour. Following 3× wash with PBST, cells were incubated with Hoechst (1 μg/ml, diluted in PBST) for penicillin/streptomycin, and 5.5 ml 16% glucose). At day 8, cells were switched into N2 medium supplemented with B27 and 10 μM DAPT (Stemgent) until day 12. Cells were harvested with trypsin LE (Life Technology) at 37°C for 4 minutes and washed twice with N2 medium; the pellet was then resuspended with N2 medium plus B27 and 10 μM ROCK inhibitor and passed through a Falcon tube with cell-strainer cap (Fisher Scientific) to make a single-cell suspension. Cells were counted and aliquots plated on poly-l-ornithine-(0.01%, Sigma-Aldrich) and laminin-coated (4 μg/ml, Life Technology) plates (150,000 cells/well for 24-well plate, 300,000 cells/well for 12-well plate, 1 million cells/well for 6-well plate). After cells completely attached to the plate, medium was changed to N2 medium plus B27 and 10 μM DAPT. Four days later, cells were switched to N2 medium supplemented with B27 and 20 ng/ml BDNF (R&D) until analysis. Medium was changed every 2 days until analysis. The hESC/iPSCderived day-12 hypothalamic progenitors could be cryopreserved for long-term storage (>11 months). The viability of the frozen progenitors after thawing was more than 95%. The thawed cells performed identically to the nonfrozen cells described in these studies.
Primary mouse cortical astrocytes were prepared as described (58) . We split these mouse astrocytes once onto poly-l-ornithine and laminin-coated plates with a density of 20,000 to 30,000 cells for a 4-well plate 1 week before we seeded them onto the day-12 progenitors. The differentiation protocol for these cocultures was the same as described above.
Electrophysiology of stem cell-derived neurons. For the electrophysiological recordings, cells were selected based on their neuronal morphology, and their identity determined post hoc by streptavidin-Alexa Fluor 488 labeling and immunostaining for αMSH and NPY expression of the biotin + neurons. Current-clamp recordings were performed using a Multiclamp 700B amplifier. Data were digitized using a Digidata 1322A analog-to-digital converter and were recorded at a 10-kHz sample rate using pClamp 10 software (all equipment from Molecular Devices). Patch pipettes were fabricated using a P-97 pipette puller (Sutter Instruments). The external recording solution contained 145 mM NaCl, 5 mM KCl, 10 mM HEPES, 10 mM glucose, 2 mM CaCl 2 , and 2 mM MgCl 2 . The pH was adjusted to 7.3 using NaOH and the osmolality adjusted to 325 mOsm with sucrose. The pipette solution contained 130 mM CH 3 KO 3 S, 10 mM CH 3 NaO 3 S, 1 mM CaCl 2 , 10 mM EGTA, 10 mM HEPES, 5 mM MgATP, 0.5 mM Na 2 GTP (pH 7.3, 305 mOsm), and 0.1% biocytin hydrochloride. Experiments were performed at 21-23°C. During recordings, current was applied to hold the cells at −60 mV. Action potentials were evoked using incremental current steps 1 second in duration. The size of the current step increment was determined by the input resistance of the neuron, and each step was calculated (from Ohm's Law) to evoke a 5-mV change in membrane potential. Analysis was carried out offline using Igor Pro 6 Software (WaveMetrics) with NeuroMatic (http://www.neuromatic. thinkrandom.com) and other custom-written procedures. Action potentials were counted automatically and were defined as events with a rise rate of greater than 20 mV/ms, which reached a membrane potential greater than 0 mV. RNA-seq. RNA was isolated from differentiated cells with QIAGEN RNAeasy Micro Kit. RNA quality was determined by 2100 Bioanalyzer at the Herbert Irving Comprehensive Cancer Center molecular biology facility at Columbia University. RNA-seq was performed by the Columbia Genome Center with a minimum of 30 million reads 5 minutes and switched to PBS for fluorescent imaging. Details regarding these steps are presented in Supplemental Table 2 . Teratoma sections (8 μm) were H&E stained. Images were acquired with an Olympus IX71 epifluorescent microscope with an Olympus DP30BW black and white digital camera for fluorescence and a DP72 digital color camera for H&E staining. Some images were acquired using a Zeiss LSM710 confocal microscope or a Zeiss LSM5 Pascal microscope.
Flow cytometry. Flow cytometry was used to determine the differentiation efficiency from hESC to Nkx2.1-GFP-positive neuron progenitors. Day-12 differentiated cells were dissociated with Trypsin LE for 4 minutes at RT and all cells harvested into N2 medium. Cells were spun at 250 g for 4 minutes and the pellet rewashed with N2 medium. Cell pellets were resuspended in N2 medium plus B27 and 10 μM ROCK inhibitor. Cells were filtered through a 5-ml polystyrene roundbottom tube with cell-strainer cap (Falcon) and FACS analyzed for GFP + cells with a BD Biosciences ARIA-IIu Cell Sorter. Cells without SHH and PM treatment were used as negative control. Flow cytometry data were analyzed using BD FACSDiva software. Statistics. Unless otherwise indicated, all graphical data are presented as mean ± SEM; significance was calculated using 2-tailed Student's t tests. P (α) values of less than 0.05 were considered as significant.
Study approval. All human subjects provided written informed consent prior to their participation in this study. Human subject research was reviewed and approved by the Columbia Stem Cell Committee and the Columbia IRB. All animal studies were approved by the Columbia IACUC.
Note added in proof. In support of our findings, another group has also described the generation of hypothalamic neurons using similar strategies (60) .
